Background-Immunoreactive signal for the desmosomal protein plakoglobin (␥-catenin) is reduced at cardiac intercalated disks in patients with arrhythmogenic right ventricular cardiomyopathy (ARVC), a highly arrhythmogenic condition caused by mutations in genes encoding desmosomal proteins. Previously, we observed a false-positive case in which plakoglobin signal was reduced in a patient initially believed to have ARVC but who actually had cardiac sarcoidosis. Sarcoidosis can masquerade clinically as ARVC but has not been previously associated with altered desmosomal proteins. Methods and Results-We observed marked reduction in immunoreactive signal for plakoglobin at cardiac myocyte junctions in patients with sarcoidosis and giant cell myocarditis, both highly arrhythmogenic forms of myocarditis associated with granulomatous inflammation. In contrast, plakoglobin signal was not depressed in lymphocytic (nongranulomatous) myocarditis. To determine whether cytokines might promote dislocation of plakoglobin from desmosomes, we incubated cultures of neonatal rat ventricular myocytes with selected inflammatory mediators. Brief exposure to low concentrations of interleukin (IL)-17, tumor necrosis factor-␣ (TNF-␣), and IL-6 (cytokines implicated in granulomatous myocarditis) caused translocation of plakoglobin from cell-cell junctions to intracellular sites, whereas other potent cytokines implicated in nongranulomatous myocarditis had no effect, even at much higher concentrations. We also observed myocardial expression of IL-17 and TNF-␣ and elevated levels of serum inflammatory mediators, including IL-6R, IL-8, monocyte chemoattractant protein 1, and macrophage inflammatory protein 1␤, in patients with ARVC (all PϽ0.0001 compared with controls).
A rrhythmogenic right ventricular cardiomyopathy (ARVC)
is a familial disease caused by mutations in proteins that form desmosomes, 1 intercellular adhesion plaques located within intercalated disks connecting cardiac myocytes. ARVC is a highly arrhythmogenic disease characterized by the early appearance of ventricular arrhythmias that often emerge before detectable impairment of ventricular function. 1 Previously, we found that immunoreactive signal for the desmosomal protein plakoglobin (␥-catenin) is consistently reduced at myocardial intercalated disks in patients with ARVC. 2 We also observed a single false-positive case in which plakoglobin signal was virtually absent from myocardial intercalated disks in a patient who was initially suspected of having ARVC but in fact had cardiac sarcoidosis, a highly destructive form of granulomatous myocarditis that also has been associated with ventricular arrhythmias. 3 Indeed, the clinical presentation of cardiac sarcoid-osis may mimic ARVC. 4, 5 Giant cell myocarditis, an even more malignant form of granulomatous myocarditis, also is associated with ventricular arrhythmias. 6 In the present study, we evaluated myocardial plakoglobin staining in patients with sarcoidosis and giant cell myocarditis and found that loss of plakoglobin signal from intercalated disks is a consistent feature. In contrast, loss of plakoglobin signal did not occur in lymphocytic (nongranulomatous) myocarditis, even in the presence of extensive inflammatory infiltrates and widespread myocardial injury. We hypothesized that cytokines may play a role and conducted in vitro studies showing that exposure of cardiac myocytes to selected cytokines involved in granulomatous inflammation [7] [8] [9] leads to rapid loss of plakoglobin signal from cell-cell junctions, whereas other powerful cytokines implicated in nongranulomatous myocarditis 10, 11 do not affect plakoglobin distribution. To explore possible links between granulomatous myocarditis and ARVC, we measured serum levels of inflammatory cytokines in patients with ARVC. We observed high levels of selected inflammatory cytokines in patients with ARVC and observed myocardial expression of cytokines. These results suggest novel pathophysiological links between granulomatous myocarditis, redistribution of junctional plakoglobin, and arrhythmogenesis. They also may relate to the pathophysiology of ARVC and lead to new insights into understanding the clinical similarities between these 2 seemingly disparate entities.
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Methods
Immunofluorescence Analysis of Junctional Proteins in Human Myocardium
Formalin-fixed, paraffin-embedded myocardial samples obtained at autopsy or by endomyocardial biopsy from patients with ARVC, sarcoidosis, giant cell myocarditis, or lymphocytic myocarditis were processed conventionally for light microscopy. Paraffin sections mounted on plain glass microscope slides were immunostained using methods validated previously. 12 Primary antibodies included monoclonal mouse antiplakoglobin (Sigma), monoclonal mouse anti-N-cadherin (Sigma), polyclonal rabbit antidesmoplakin (Serotec), monoclonal mouse antiplakophilin 2 (Fitzgerald), and polyclonal rabbit anti-connexin43 (Cx43) (Sigma). Immunostained preparations were analyzed by laser scanning confocal microscopy (Sarastro Model 2000; Molecular Dynamics) as previously described. 12 Myocardial specimens obtained at autopsy from 3 young adult individuals who had no clinical history or pathological evidence of heart disease were used as controls. A determination that signal for a given junctional protein was depressed at cell-cell junctions required substantial loss such that the signal was either barely visible or absent compared with controls. The entire slide was examined, and a decision about whether the signal was diminished was based on the area showing the brightest signal. In myocardial specimens containing areas of inflammation, fibrosis, and cardiac myocyte necrosis, determinations about signal intensity were made only in the most normal-appearing areas devoid of inflammatory infiltrate and degenerative changes in cardiac myocytes. A specimen was eliminated from further study if such histologically normal-appearing areas could not be found.
Immunoperoxidase Analysis of Cytokines in Human Myocardium
Slide-mounted paraffin sections were heated to 60°C for 80 minutes, cooled to room temperature, deparaffinized, and rehydrated. Antigen retrieval was achieved by heating the samples in citrate buffer (pH 6.1) to boiling followed by cooling to room temperature. Immunohistochemical staining was performed using conventional methods (Universal DAKO EnVision System; peroxidase). After endogenous peroxidase activity had been blocked, the primary antibody was applied followed by incubation with horseradish peroxidase-labeled polymer. The reaction was completed with an enzyme/substrate system, with diaminobenzidine as the chromogen substrate. The tissue was then counterstained with Mayer hematoxylin followed by bluing in phosphate-buffered saline at pH 7.4. Primary antibodies included rabbit polyclonal antihuman antibodies against interleukin (IL-17), tumor necrosis factor-␣ (TNF-␣), IL-4, and IL-6 (Peprotech). Sections of a human breast carcinoma, which is known to express high levels of the cytokines under investigation, [13] [14] [15] were used as positive controls. In each experiment, control and patient samples were batched to ensure identical staining and signal-generating conditions. Determinations of positive staining were based on comparisons with positive (breast cancer) and negative (normal myocardium) controls. Only areas of histologically unremarkable myocardium devoid of inflammation, fibrosis, and cardiac myocyte degeneration were used to determine whether staining was positive.
Primary Cultures of Neonatal Rat Ventricular Myocytes
Primary cardiac myocyte cultures were prepared from disaggregated ventricles of 1-day-old Wistar rat pups (Charles River) as previously described. 16 Cell suspensions were preplated to reduce fibroblast content, placed in collagen-coated chamber slides at a density of 2.4ϫ10 5 cells/cm 2 , and grown for 4 days at 37°C in M199 (GIBCO) (supplemented with penicillin, 20 U/mL; streptomycin, 20 g/mL; and 10% neonatal calf serum) in a humidified atmosphere containing 1% CO 2 . Epinephrine (0.01 mol/mL) was added to the medium during the first 24 hours of culture. All protocols were approved by the Harvard Medical Area Standing Committee on Animals.
Immunofluorescence and Immunoblotting Analysis of Plakoglobin Expression in Cultured Myocyte Incubated With Cytokines
Myocyte cultures were placed in serum-free M199 medium and incubated with recombinant rat IL-17, IL-12, IL-9, IL-4, IL-6, interferon-␥ (INF-␥), or TNF-␣ (R&D Systems) (12.5, 50, or 400 ng/mL) for 4 hours. Cultures in complete or serum-free medium without added cytokines served as controls. At the conclusion of each experimental protocol, the cultures were rinsed in serum-free medium, fixed in 4% paraformaldehyde for 5 minutes, immunostained with a mouse monoclonal antiplakoglobin antibody (Sigma), and analyzed by laser scanning confocal microscopy (Sarastro Model 2000; Molecular Dynamics) as previously described. 17 In other experiments, cultured myocytes exposed to cytokines were washed and scraped from culture dishes in preparation for immunoblotting as previously described. 18 Aliquots containing 10 g of total protein were loaded onto gels, electrophoresed, transferred to nitrocellulose membranes, and incubated first with a mouse monoclonal antiplakoglobin antibody (Sigma) and then with a horseradish peroxidaselinked antimouse IgG. The blots were developed using enhanced chemiluminescent reagents (Amersham). The membranes were subsequently stripped, washed, and reprobed with a mouse monoclonal antiglyceraldehyde-3-phosphate dehydrogenase antibody (Invitrogen) for use as loading controls.
Microimmunoassay Cytokine Analysis
Cytokine levels were measured in serum samples from 18 patients who fulfilled task force criteria for ARVC. 19 Disease expression and severity varied in these individuals, but at the time the samples were obtained, none of them were in the hospital and all were being followed in outpatient clinics. Cytokines also were measured in serum samples from 28 healthy volunteers who served as controls. Cytokines were measured in a highly sensitive and accurate multiplex assay that uses matched antibody pairs to detect each specific cytokine. 20 Briefly, antibodies were spotted on a 96-well plate, and a cocktail of biotinconjugated secondary antibodies was used for detection. The final step of the assay involved application of streptavidin coupled to a nearinfrared dye for detection and quantification. In effect, this assay is similar to performing multiple enzyme-linked immunosorbent assays within a single well. The physical location within the well of the individual dots is used to determine which cytokine is being detected. In separate wells of the plate, standard curves are run for each of the cytokines to be detected and quantified. 20 The measurements in patients with ARVC were performed in a single assay in which a specific limit of detection was established using the standard curve for each cytokine. When the level for a specific cytokine in a patient sample was below the limit of detection, a value of one half of the detection limit was assigned for subsequent statistical analysis. Cytokine levels in control samples were measured in several independent assays, each including determination of a lower limit of detection for each cytokine. Within these assays, the limits of detection varied only modestly from 1 assay to another. For statistical purposes, any control value that fell below the average limit of detection for all control assays was assigned a value of one half of the average value.
Statistical Analysis
Cytokine levels in the serum of patients with ARVC and controls were compared using the Wilcoxon rank sum test with the Bonferroni adjustment for multiple comparisons. The cutoff for statistical significance was 0.05/17 or PϽ0.0029.
Results
Plakoglobin Signal Is Diminished at Myocardial Intercalated Disks in Sarcoidosis
Online-only Data Supplement Table I shows clinical features in 23 patients with sarcoidosis analyzed by immunohistochemistry and confocal microscopy. We first studied myocardial tissue from 4 patients with sarcoidosis (patients 1-4 in online-only Data Supplement Table I ) provided by experienced clinicians (D.J.W., F.I.M.) who had originally diag-nosed ARVC based on imaging and electrocardiographic criteria but then changed the diagnosis to sarcoidosis because of definitive pathological evidence of nonnecrotizing granulomas and giant cells associated with myocardial injury. In each case, we observed marked reduction or absence of plakoglobin signal at cell-cell junctions (a representative case is shown in Figure 1 ). To determine whether loss of plakoglobin signal occurred generally in sarcoidosis, we analyzed 19 additional cases of pathologically documented cardiac sarcoidosis. As shown in the representative example in Figure  1 , reduced or absent junctional expression of plakoglobin was observed in 17 of 19 cases. Only patients 9 and 18 (onlineonly Data Supplement Table I ) showed apparently normal plakoglobin signal. The distribution and severity of granulomatous inflammation varied in these cases from focal isolated granulomas with minimal myocardial damage and fibrosis to broad areas of myocardial destruction and extensive granulomas ( Figure 1 ). In analyzing plakoglobin signal intensity and distribution, however, we focused only on histologically unremarkable myocardium distant from areas showing inflammatory and degenerative changes. In each case, reduced signal occurred diffusely in otherwise unaffected myocardium ( Figure 1 ). These findings indicate that loss of plakoglobin signal from cell-cell junctions is a consistent finding in sarcoidosis.
To determine whether other desmosomal proteins were similarly affected, we immunostained 8 randomly selected cases for desmoplakin and plakophilin-2 (identified in onlineonly Data Supplement Table I ). Signals were clearly depressed in 6 cases and indistinguishable from controls in the Figure 1 . A, Microscopic appearance of the myocardium from a patient with cardiac sarcoidosis, showing fibrosis and multinucleated giant cells within granulomatous lesions (Masson trichrome, magnification ϫ20). B, Normal-appearing myocardium from the same patient, showing no apparent inflammatory or degenerative changes (Masson trichrome, magnification ϫ20). C, Representative confocal immunofluorescence images of control myocardium and myocardium from a patient with cardiac sarcoidosis clinically masquerading as ARVC and from another patient with pathologically documented cardiac sarcoidosis. Specific immunoreactive signal for plakoglobin was significantly depressed in both cases compared with controls, as was signal for the major gap junction protein Cx43. Expression of other desmosomal proteins, including desmoplakin and plakophilin-2, varied, but signal for the nondesmosomal adhesion protein N-cadherin was always present and indistinguishable from controls. ARVC indicates arrhythmogenic right ventricular cardiomyopathy; Cx43, connexin43. remaining 2 (Figure 1 ). Similar variability in the amount of junctional signal for desmoplakin and plakophilin-2 has been reported in ARVC. 2 Diminished junctional signal for Cx43, the major ventricular gap junction protein, also has been reported in ARVC, 2 leading to speculation that gap junction remodeling may play a role in conduction abnormalities and arrhythmogenesis. Accordingly, we immunostained all 23 sarcoidosis cases for Cx43 and found clearly depressed or absent signal in 11, including 2 of the 4 cases initially mistaken for ARVC and in 3 of the 5 cases in which patients initially presented with arrhythmias ( Figure 1 and online-only Data Supplement Table I ).
Plakoglobin Signal Also Is Reduced in Giant Cell Myocarditis But Not in Lymphocytic Myocarditis
We next sought to determine whether plakoglobin signal was altered in giant cell myocarditis, which, like sarcoidosis, is a highly arrhythmogenic form of inflammatory heart disease characterized by the presence of granulomas, multinucleated giant cells, and extensive myocardial necrosis. 6, 21 Accordingly, we examined the distribution of selected intercalated disk proteins in myocardial samples from 16 patients with documented giant cell myocarditis. Clinical information about these patients is provided in online-only Data Supplement Table II . Junctional plakoglobin signal was absent or clearly diminished in 14 of the 16 samples (a representative case is shown in Figure 2 ). Only patients 9 and 13 (online-only Data Supplement Table II) showed apparently normal plakoglobin signal. Although most of these cases showed severe myocardial inflammation and fibro-sis, we were able to examine histologically normal-appearing tissue and observed reduced plakoglobin signal throughout these areas. Immunoreactive signals for desmoplakin and plakophilin-2 were depressed in 4 of 7 randomly selected cases of giant cell myocarditis, and Cx43 signal was diminished in 8 of the entire set of 16 cases (representative images shown in Figure 2 , and specific cases identified in online-only Data Supplement Table II ). Six patients with giant cell myocarditis presented with significant arrhythmias or sudden cardiac death (patients 6 and 8 -12) (online-only Data Supplement Table II) . Cx43 signal was depressed in 3 patients (patients 6, 11, and 12) and in 5 in whom arrhythmias were apparently not prominent.
To determine whether loss of plakoglobin signal occurs in all forms of myocarditis, we next examined 25 cases of lymphocytic myocarditis. Clinical features of these patients are listed in online-only Data Supplement Table III . Each case fulfilled accepted pathological criteria, 22 including mononuclear inflammation (mainly lymphocytes and macrophages) and myocyte necrosis without evidence of giant cells or granulomatous inflammation. Polymerase chain reaction documentation of the presence of viral genomes was available in 10 cases (4 of enterovirus and 1 each of parvovirus B19, coxsackie virus B, adenovirus, herpes simplex, Epstein-Barr virus, and influenza A) (online-only Data Supplement Table III ). Polymerase chain reaction either was negative or had not been performed in the remaining 15 cases. The severity of inflammation and myocyte necrosis varied widely, and some cases showed extensive damage. However, plakoglobin signal was equivalent to control levels in 22 of 25 cases (Figure 3 , online-only Data Supplement Figure 2 . A, Microscopic appearance of the myocardium from a patient with GCM, showing severe destruction of cardiac myocytes (hematoxylin-eosin, magnification ϫ20). B, Normal-appearing myocardium from the same patient, showing no apparent inflammatory or degenerative changes (hematoxylineosin, magnification ϫ20). C, Representative confocal immunofluorescence images of control myocardium and myocardium from 2 patients with GCM. Specific immunoreactive signal for plakoglobin was significantly depressed in both cases compared with controls, as was signal for the major gap junction protein Cx43. Expression of other desmosomal proteins, including desmoplakin and plakophilin-2, varied, but signal for the nondesmosomal adhesion protein N-cadherin was present in all GCM cases analyzed and indistinguishable from controls. GCM indicates giant cell myocarditis; Cx43, connexin43. Table III ). This was true both in cases of viral myocarditis and in other cases of lymphocytic (nongranulomatous, nongiant cell) myocarditis of unknown etiology. Signals for desmoplakin and plakophilin-2 were normal in 6 of 8 randomly selected cases of lymphocytic myocarditis, and signal for Cx43 was depressed in 8 of the entire set of 25 cases (representative images shown in Figure 3 , and specific patients identified in online-only Data Supplement Table III) . Thus, although gap junction remodeling occurs in some cases of myocarditis and desmosomal protein distribution may be affected, diminished plakoglobin signal does not appear to be a consistent feature in lymphocytic myocarditis.
Short-Term Exposure of Cardiac Myocytes to Selected Cytokines Causes Loss of Junctional Plakoglobin Signal
To determine whether dislocation of plakoglobin from myocardial cell-cell junctions might be mediated by specific cytokines associated with giant cell inflammation, we incubated primary cultures of neonatal rat ventricular myocytes with varying concentrations (12.5, 50, or 400 ng/mL) of exogenous cytokines for 4 hours. Cultures were then immunostained for plakoglobin and examined by confocal microscopy. Potent cytokines, including IL-9, IL-12, IL-4, and INF-␥, which have been implicated in nongiant cell inflammation, 10, 11 had no apparent effect on the distribution of plakoglobin, even at the highest concentration of 400 ng/mL (Figure 4) . In contrast, IL-17 and TNF-␣, both of which are believed to mediate granulomatous myocarditis and are elevated in circulating blood in patients and animal models of human giant cell myocarditis, 7-9 caused a marked loss of plakoglobin signal from myocardial cell-cell junctions, even at the lowest concentration of 12.5 ng/mL (Figure 4 ). IL-6, which has been found to be elevated in the blood of patients with myocardial infarction and heart failure and is associated with poor outcomes, 23-25 also caused loss of plakoglobin signal at the lowest concentration (Figure 4 ). To determine whether loss of plakoglobin immunoreactive signal was due to protein degradation, we repeated experiments in which cells were exposed to cytokines and then performed western blots to measure total plakoglobin content in the cells. As shown in Figure 4 , there was no apparent change in plakoglobin levels despite the loss of signal from cell-cell junctions. These results are consistent with intracellular translocation rather than with protein degradation to explain the loss of junctional signal.
Myocardial Expression of Cytokines in ARVC
Although granulomatous inflammation has not been reported in ARVC, varying amounts of mononuclear inflammation of the myocardium frequently are seen in this condition. 26 It is also known that cardiac myocytes can express various cytokines in response to injury or disease. 24, [27] [28] [29] Accordingly, as a first step to investigate whether locally produced cytokines might mediate changes in plakoglobin distribution in ARVC, we used immunohistochemistry to determine whether various cytokines were expressed in ARVC myocardium. We used immunoperoxidase to take advantage of the signal amplification in this enzyme-based method to enhance the sensitivity of detection in samples from patients with ARVC. We analyzed samples from 9 patients, 5 with documented desmosomal gene mutations (1 in DSG2 and 2 each in PKP2 and DP) and 4 with no mutation identified during genetic screening but whose clinical evaluation and pathological findings were diagnostic of ARVC (online-only Data Supplement  Table IV ). Immunofluorescent signal for plakoglobin at cardiac intercalated disks was virtually absent in all 9 cases (data not shown). We immunostained these samples for IL-17, TNF-␣, and IL-6, all of which caused loss of plakoglobin signal from myocardial cell-cell junctions in vitro. Myocardial samples obtained at autopsy from 3 individuals with no history or pathological evidence of heart disease were used as negative controls. Sections of a human breast carci- noma, known to produce multiple cytokines, [13] [14] [15] were used as a positive control. Myocardial samples from 2 cases of sarcoidosis and 1 of giant cell myocarditis also were used as positive controls for IL-17 and TNF-␣ expression. We were careful to examine regions in ARVC samples devoid of inflammatory infiltrates and fibrofatty infiltration. Increased signals for IL-17 and TNF-␣ were seen in 9 of 9, and 8 of 9 cases of ARVC, respectively (representative images shown in Figure 5 ). However, no apparent IL-6 expression was detected in ARVC myocardium ( Figure 5 ).
Circulating Levels of Cytokines Are Altered in Patients With ARVC
To further explore potential mechanistic links between inflammation and ARVC, we used a sensitive microimmunoassay 20 to measure the levels of various cytokines in the serum of 18 patients who fulfilled task force criteria for the diagnosis of ARVC (clinical features listed in online-only Data Supplement Table V) . These values were compared to measurements made in 28 healthy controls. As shown in the Table and Figure 6 , patients with ARVC had significantly increased levels of multiple proinflammatory cytokines, including IL-6 receptor, IL-8, monocyte chemoattractant protein 1, and macrophage inflammatory protein 1␤. Levels of TNF-␣ receptor types 1 and 2, known to track with adverse outcomes in heart failure, 30 -32 also were elevated in patients with ARVC. In addition, levels of the antiinflammatory cytokine IL-1 receptor 2 were significantly depressed in patients with ARVC compared with controls.
Discussion
In the present study, we report 2 major new findings: (1) disruption of desmosomal proteins in patients with granulomatous myocarditis and (2) local myocardial production of selected cytokines and alterations in the balance between circulating proinflammatory and antiinflammatory cytokines in patients with ARVC. Both findings implicate new disease Figure 4 . A, Representative confocal immunofluorescence images showing the distribution of junctional plakoglobin in cardiac myocytes incubated with varying concentrations of selected cytokines. IL-17, TNF␣, and IL-6 caused obvious loss of plakoglobin signal even at the lowest concentration of 12.5 ng/mL of medium, whereas other cytokines, including IL-4, IL-9, IL-12, and IF␥ had no effect, even at a concentration of 400 ng/mL medium. B, Representative immunoblots showing no apparent change in total cellular content of plakoglobin in myocytes incubated with varying concentrations of IL-17, TNF␣, and IL-6. GAPDH served as a loading control. IF␥ indicates interferon-␥; IL, interleukin; TNF␣, tumor necrosis factor-␣. mechanisms and establish potential new links between ARVC and selected forms of myocarditis.
To our knowledge, this is the first evidence to implicate disruption of desmosomal proteins in 2 forms of granuloma-tous myocarditis. We also observed that brief exposure of cardiac myocytes in vitro to exogenous cytokines implicated in granulomatous inflammation can cause redistribution of plakoglobin from junctional to intracellular sites, thus providing a potential mechanistic link. Although there has been no previous demonstration of altered desmosomes in granulomatous myocarditis, it has been shown that desmogleins are targeted by autoantibodies in pemphigus and by an exfoliative toxin from Staphylococcus aureus in bullous impetigo and staphylococcal scalded skin syndrome. 33 It is also known that proinflammatory cytokines can disrupt tight junctions in intestinal epithelial cells. 34 It is plausible to speculate, therefore, that cytokines produced locally or systemically in granulomatous myocarditis could affect desmosomes in the heart and contribute to cardiac myocyte injury and functional derangements. Because plakoglobin (␥-catenin) can participate in Wnt signaling pathways, 35 our observations raise the possibility that altered Wnt signaling might also play a role in granulomatous myocarditis. Extensive work will be required to explore these possibilities, but our observations open new avenues of investigation for future studies.
Remodeling of gap junctions appears to be a consistent feature in ARVC. 2, 36, 37 In the present study, we observed loss of immunoreactive signal for Cx43, the major ventricular gap junction protein, in some but not all cases of sarcoidosis and giant cell myocarditis, and there was not a strong correlation between loss of Cx43 signal and clinical expression of arrhythmias in these patients. Gap junction remodeling occurs in many forms of heart disease 38, 39 and was seen in some patients with lymphocytic myocarditis in which loss of plakoglobin signal was not observed. Thus, the specific role of gap junction remodeling in arrhythmogenesis in ARVC and myocarditis remains unknown, and further work is required to prove a causal relationship. ARVC indicates arrhythmogenic right ventricular cardiomyopathy; GRO␣, growth-regulated protein-␣; IFN-␥, interferon-␥; IL-1␤, interleukin-1␤; IL-1R2, IL-1 receptor type 2; IL-6R, IL-6 receptor; IL-12p70, IL-12 (active form); MCP1, monocyte chemoattractant protein 1; MIP1␣, macrophage inflammatory protein 1␣; MIP1␤, macrophage inflammatory protein 1␤; TNF-␣, tumor necrosis factor-␣; TNF-␣R1, TNF-␣ receptor type 1; TNF-␣R2, TNF-␣ receptor type 2. *Significant at PϽ0.05 with Bonferroni adjustment for multiple comparisons (cut offϭ0.05/17ϭ0.0029).
Figure 6.
Graphs showing the relative proportion of individuals within various concentration ranges for serum cytokines in which there were significant differences between patients with ARVC and healthy controls. IL-6R indicates interleukin-6 receptor; IL-8, interleukin-8; MCP1, monocyte chemoattractant protein 1; MIP1␤, macrophage inflammatory protein 1␤; TNF␣R1, tumor necrosis factor-␣ receptor type 1; TNF␣R2, tumor necrosis factor-␣ receptor type 2; ARVC, arrhythmogenic right ventricular cardiomyopathy.
Pathologists have long recognized inflammation as a common feature of ARVC, 29 but it has not been shown whether it plays a primary pathogenic role or develops as a secondary response to myocyte injury and degeneration. Furthermore, inflammatory mechanisms in heart disease do not depend solely on the accumulation of inflammatory cells within the myocardium. Cardiac myocytes themselves can produce inflammatory mediators, 24, [27] [28] [29] and circulating levels of various cytokines have been correlated with the development of atrial fibrillation 40 or adverse outcomes in patients with heart failure. 30 -32 In the present studies, we found that selected cytokines, implicated in granulomatous inflammation but not other cytokines, were capable of promoting rapid intracellular translocation of junctional plakoglobin in cultured neonatal rat ventricular myocytes. Thus, our observations suggest that inflammatory mediators may play a role in ARVC, even in the absence of infiltrating inflammatory cells in the heart. Although this simple proof-ofprinciple study is of potential interest and worth exploring in future studies, its relevance in terms of disease mechanisms in granulomatous myocarditis and ARVC remains undefined. However, we also observed immunoreactive signal for TNF-␣ and IL-17 in ARVC myocardium, thus raising the possibility that local production of cytokines could play a role in redistribution of plakoglobin and contribute to myocyte injury. Myocardial production of TNF-␣ and its receptors has been reported in human heart failure. 27, 41 We also observed significant elevations in selected proinflammatory factors and a significant reduction in the level of IL-1 receptor 2, an antiinflammatory protein that acts as a decoy receptor to bind IL-1 but not lead to downstream signaling. 42 A recent study reported elevated levels of IL-1␤, IL-6, and TNF-␣ in 8 patients with ARVC. 43 This study used a commercially available enzyme-linked immunosorbent assay that has far lower sensitivity than that used in the present study 20 and reported values of Ͻ10 pg/mL for all measurements. Taken together, however, this previous study and the present observations indicate that patients with ARVC exhibit significant increases in circulating inflammatory mediators, perhaps reflecting an imbalance between proinflammatory and antiinflammatory proteins. Neither study was sufficiently powered to correlate patterns of cytokine expression with disease severity or clinical outcomes. Furthermore, we do not mean to suggest that elevated cytokine levels necessarily carry any diagnostic significance. Indeed, increased circulating inflammatory mediators have been reported in a variety of heart diseases, including sarcoidosis and lymphocytic myocarditis. 44, 45 However, our observations provide a foundation for future studies in which analysis of serum inflammatory biomarkers in ARVC can be assessed in risk stratification and correlated with arrhythmias or other manifestations of disease. These observations also raise the possibility of antiinflammatory therapy in ARVC.
A limitation in the present study is the relative lack of mechanistic insights that could be gained from studying formalin-fixed, paraffin-embedded tissue samples. Nevertheless, we discovered potentially important new links between ARVC and some forms of myocarditis. We also have provided new information that implicates cytokines in ARVC and new evidence that the myocardium itself may be the source of some of these mediators. Thus, disease pathways activated by mutations in desmosomal proteins may stimulate expression and possible secretion of inflammatory mediators, which, in turn, could promote myocyte injury and arrhythmogenesis. Perhaps the most important strength of the present observations is that they come from the actual human disease. In turn, they will stimulate and inform experimental studies and prospective clinical trials to test hypotheses about disease mechanisms, patient risk stratification, and new therapeutic targets.
